Nanoscale objects that combine high luminescence output with a magnetic response may be useful for probing local environments or manipulating objects on small scales. Ideally, these two properties would not interfere with each other. In this paper, we show that a fluorescent polymer host material can be doped with high concentrations of 20-30 nm diameter magnetic γ -Fe 2 O 3 particles and then formed into 200 nm diameter nanorods using porous anodic alumina oxide templates. Two different polymer hosts are used: the conjugated polymer polydioctylfluorene and also polystyrene doped with the fluorescent dye Lumogen Red. Fluorescence decay measurements show that 14% by weight loading of the γ -Fe 2 O 3 nanoparticles quenches the fluorescence of the polydioctylfluorene by approximately 33%, but the polystyrene/Lumogen Red fluorescence is almost unaffected. The three-dimensional orientation of both types of nanorods can be precisely controlled by the application of a moderate strength (∼0.1 T) external field with sub-second response times. Transmission electron microscope images reveal that the nanoparticles cluster in the polymer matrix, and these clusters may serve both to prevent fluorescence quenching and to generate the magnetic moment that rotates in response to the applied magnetic field.
Introduction
Nanometer-scale machines that can be steered into microscopic regions and perform well-defined functions could have a large impact in many areas of science. To create nanometerscale objects that can move independently and respond to stimuli, it is necessary to incorporate multiple functionalities into a single nanostructure. External magnetic fields can be used to control the motion of nanoscale objects, and many different types of magnetic nanostructures with various potential applications have been developed [1] .
Onedimensional nanostructures like nanowires have the advantage that both their position and orientation can be controlled by an applied magnetic field, and magnetic nanowires have been used to improve cell sorting [2] and even induce cell death [3] . Light emission comprises a second type of functionality. Fluorescent one-dimensional nanostructures can be used as probes for rotational diffusion [4] , while hybrid structures of luminescent conjugated polymers and magnetic nanoparticles show promise as intracellular sensors and imaging agents [5] . Thus the combination of magnetic field control and high photoluminescence output could make fluorescent nanorods useful tools for intracellular imaging and biochemical manipulations. Several workers have previously demonstrated the magnetic orientation of nickel nanowires with a surface coating of a fluorescent dye [6] or polymer [7] . Structures based on nickel have several limitations, including the toxicity of nickel metal, the existence of a remanent magnetization in nickel that leads to nanowire aggregation even after the magnetic field is removed and the relatively low luminescence output of the surface dye monolayer.
In the current work, we take a different approach. Rather than using a strongly ferromagnetic material like nickel, we take advantage of recent advances in the synthesis of magnetic iron oxide nanoparticles to make composite structures that exhibit a useful magnetic response and high luminescence output. We dope a host polymer with nanoparticles of γ -Fe 2 O 3 . The host polymer matrix can consist of either an inert polymer like polystyrene (PS) doped with a fluorescent dye, which is compatible with biological applications [8] , or it can be a conjugated polymer like polydioctylfluorene (PFO) that is highly emissive and used in applications like organic lasers [9] . Nanorods of various lengths are formed by imprinting an anodic alumina oxide (AAO) porous template onto the polymer surface [10] [11] [12] and then detaching them using ultrasonication [11] . We show that this approach leads to highly luminescent, free-floating nanorods whose orientation can be easily controlled in aqueous suspension using moderate strength (∼0.1 T = 10 3 G) magnetic fields. Surprisingly, the presence of a high concentration of iron oxide nanoparticles does not significantly quench the fluorescence of the organic chromophores, permitting the dual functionalities, magnetic response and luminescence, to coexist within the same nanostructure. It is hoped that these robust, bifunctional nanostructures may find applications in biological imaging or nanospectroscopy.
Experimental details
20-30 nm diameter maghemite (γ -Fe 2 O 3 ) nanocrystals are prepared through solution phase synthesis by thermal decomposition of 0.4 ml iron pentacarbonyl (Fe(CO) 5 ) in 20 ml 1-octadecene with oleic acid as the capping ligand followed by oxidation with air. Iron pentacarbonyl is a volatile and flammable substance, so the reactions were carried out in a controlled atmosphere where standard precautions were observed. After removing the octadecene and excess oleic acid through centrifugation, the iron oxide nanoparticles are finally dispersed in 5 ml of toluene [13] . The crystal structure of the synthesized nanoparticle is verified by x-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS) (supplementary information available at stacks.iop.org/Nano/ 22/455704/mmedia) and small-area electron diffraction (inset of figure 4(a) ). The most conclusive evidence is the XPS spectrum taken at the angle of 90
• that shows the position of Fe(2p 3/2 ) and Fe(2p 1/2 ) peaks at 710.5 and 724.6 eV, which are consistent with published results for γ -Fe 2 O 3 . No Fe(II) peak is observed, which rules out the presence of significant amounts of Fe 3 O 4 [14] .
We make two different types of magnetic polymer nanorods. For the first type, the magnetic nanoparticles are mixed with polystyrene (PS) (Aldrich, 280 000 MW) and Lumogen Red (LR) (BASF, recrystallized) in the weight ratio 10:1.8:1 (PS:nanoparticles:LR) and dissolved in toluene to form a 10 wt% solution. The fully dissolved solution was sonicated to enhance the dispersion of the nanoparticles, then dropcast onto a glass slide and dried slowly inside a covered Petri dish. The casting and drying process is repeated until the film is at least 100 μm thick. The dried film is annealed under vacuum at 110
• C for 2 h to remove any residual toluene. Polydioctylfluorene (PFO) is obtained from American Dye Source and used as received. The PFO magnetic nanorods are prepared following a similar process, except no additional fluorophore is added. The magnetic nanoparticles are mixed with PFO (14 wt%) and dissolved in THF to form 2% solution. The solution was dried on a polyimide film (CY Hyde, Kapton) in a covered Petri dish and annealed at 80
• C for 2 h to remove any residual solvent.
The nanorods are fabricated using an anodic alumina oxide (AAO) template (Whatman Co., Anodisc 13 or 25 with 200 nm pore diameter) that is placed on top of the dried film. This sample is sandwiched between two Kapton films and then placed between two glass plates inside a vacuum flask that permits pressure to be applied to the two plates while heating the sample on a hot plate. The glassware with the sample is evacuated and heated at 200
• C for 10, 20 or 30 min for the PS/LR/γ -Fe 2 O 3 film to form different-length PS nanorods inside the pores. The PFO film was heated at 250
• C for 1 h under vacuum in the same set-up. After heating, the samples are cooled down to room temperature before releasing the vacuum. The AAO template is dissolved in 5 wt% NaOH solution of 4:1 mixture of water and methanol. Free-standing nanorods are detached from the substrate by sonicating the sample [11] in 3 ml ethanol for 3 min (VWR Aquasonic 75D) and the magnetic nanorods were collected using a magnet.
To measure the magnetic properties of PS with the magnetic nanoparticles, a sample of the polymer is cut into pieces and put into a polycarbonate capsule with eicosane. The capsule is heated to 60
• C and cooled down to room temperature for the eicosane to melt and reharden, forming a solid mixture of the sample and eicosane inside the capsule. The capsule is fixed inside a magnetic properties measurement system based on a Quantum Design XL7 SQUID magnetometer. The magnetization (M) versus an externally applied magnetic field (H ) is measured at 300 K.
Time-resolved fluorescence data were taken by exposing the samples to 150 fs pulses centered at 400 nm, generated by frequency-doubling the 800 nm pulse from a 40 kHz Spectra-Physics Spitfire Ti:sapphire regenerative amplifier. The photoluminescence of the films and nanorods dispersed in aqueous solution in a quartz cuvette was collected in a front-face excitation configuration, i.e. the incident angle of the exciting laser beam was about 10
• relative to the film surface normal and cuvette surface normal. The excitation pulses exhibited linear polarization and the angle between the polarization of the collected fluorescence light and that of the excitation light was adjusted to 54.7
• , using a thin film polarizer, to eliminate time-dependent effects due to molecular reorientation. The fluorescence was directed into a monochromator attached to a picosecond streak camera (Hamamatsu C4334 Streakscope), which provides both timeand wavelength-resolved fluorescence data, with resolutions of 15 ps and 2.5 nm.
For the observation of magnetic polymer nanorods by fluorescence microscopy, the nanorods are transferred to 5 ml deionized water and mixed with 10 mg of sodium dodecyl sulfate (J T Baker) for dispersal in water. This solution is 
Results and discussion
Previously, the insertion of magnetic iron oxide particles into polymer hosts has been accomplished by mixing the polymer precursor with the magnetic material followed by polymerization [15] or by swelling [16] . In many cases, such conditions are not compatible with other organic components like the fluorescent dye used in this work, Lumogen Red (LR). Our templating method, outlined in figure 1, avoids the need for multiple chemical doping steps by simply mixing all the components together before nanowire formation. The mixed solution can be cast into a solid film onto which nanorods can be imprinted [12] . As a porous template is pressed down into the heated polymer film, the pores are slowly filled with the polymer, and dopants like nanoparticles and dye molecules are carried along. The length of the nanorods can be controlled to some degree by varying the heating time. Figures 2(a) -(c) show SEM images of PS nanorods after heating periods of 10, 20 and 30 min, along with length histograms obtained from analysis of these images. Two aspects of the nanorods should be mentioned. First, they are semiflexible and, when dried for SEM measurements, they can bend as different segments of a single rod adhere to different points on the surface. However, they are sufficiently stiff that a 10 μm rod largely retains its linearity in solution and we see no evidence that free-floating rods curl or fold over on themselves in a liquid suspension. Second, although controlling the heating time allows us to change the mean length of the nanorods, there is still a considerable variance in rod lengths after the sonication procedure. We think this variation in length originates from two factors: incomplete filling of some of the AAO pores and fracture during the subsequent sonication process. Nevertheless, we never see any structures with aspect ratios of 1 or less; that is to say that the sonication does not pulverize the nanorods into particles. Figure 3 shows an SEM image of a collection of nanoparticle-doped PFO nanorods prepared by this method that exhibit similar shape and length characteristics as the PS nanorods.
The presence of the γ -Fe 2 O 3 nanoparticles in both polymers was confirmed using transmission electron microscopy (TEM) and typical images are shown in figure 4 . In both PS and PFO, the γ -Fe 2 O 3 nanoparticles are not uniformly distributed within the nanorod but tend to form aggregates that can extend over 100 nm or more. When the precursor polymer films are examined using TEM, similar aggregates are observed. Previous work has shown that these nanoparticles are well dispersed in toluene [13] . Thus the aggregation appears to be a property of the nanoparticles when dissolved in these polymers, and not an artifact of the heating and templating process used to form the nanorods. The aggregation may also provide fracture points during sonication, contributing to the length variation discussed in the previous paragraph. The precise reason for the particle aggregation is unclear but may result from the lower solubility of the alkyl groups of the oleic acid surface coating in the aromatic polymers. The magnetic properties of the γ -Fe 2 O 3 nanoparticles are preserved in this environment. Figure 5 shows a measurement of the magnetization (M) as a function of applied magnetic field (H ) at room temperature for a nanoparticle-PS composite. There is a small hysteresis (see the inset to figure 5 ) that suggests the presence of a small remanent magnetization, of the order of 1% of the saturation value. γ -Fe 2 O 3 particles can be superparamagnetic or ferrimagnetic, depending on size and preparation. The results in figure 5 indicate that our particles are close to being entirely superparamagnetic. In solution, neither the nanoparticles nor composite nanorods aggregate, since the Brownian motion is sufficient to overcome the weak magnetic interactions. The presence of the iron oxide particles does not severely impact the photophysical properties of the organic chromophores. We first consider the LR-doped PS nanorods. The peak of LR's fluorescence spectrum is shifted to 610 nm as opposed to 595 nm in bulk PS [12] , but its lineshape remains the same. The fluorescence lifetime of 5.4 ± 0.1 ns decreases slightly in the presence of the nanoparticles to 5.2 ± 0.1 ns, as shown in figure 6(a) . The effect of the γ -Fe 2 O 3 nanoparticles on the PFO fluorescence lifetime is more pronounced, as shown in figure 6(b) . In solution, PFO undergoes a single exponential decay, indicative of a single emitting species, similar to the case of LR. In the solid-state samples, the decay is more rapid and multiexponential due to the disordered nature of the film and the presence of different chemical species. More than 95% of the decay can be fitted with a single exponential component. However, and in the absence of γ -Fe 2 O 3 nanoparticles, this time is 0.31 ns, in good agreement with previous measurements [17] . The addition of the nanoparticles causes the decay time to decrease to 0.20 ns. Thus the PFO fluorescence decay rate speeds up by roughly 33% due to quenching by the nanoparticles.
We were surprised that the presence of such a high loading of nanoparticles did not quench the fluorescence more drastically, as seen in other polymer/inorganic semiconductor nanoparticle composite systems. The composite material has a brownish color due to the absorption spectrum of the γ -Fe 2 O 3 nanoparticles that extends over the entire visible region and overlaps LR's emission spectrum [18] , making electronic energy transfer from excited LR and PFO molecules to the γ -Fe 2 O 3 particles energetically allowed. Furthermore, the LR concentration in the PS is of the order of 85 mM, high enough to permit rapid energy transfer between molecules within the film [19] . Exciton diffusion also occurs in PFO [20] and this energy migration through the organic materials should extend the effective quenching radius of the nanoparticles and enhance their quenching effect [21] . One possible explanation for the relatively small amount of quenching is the aggregation of the γ -Fe 2 O 3 particles, which reduces the surface area available for fluorescence quenching. A heterogeneous distribution of nanoparticles results in large areas of polymer that are free of quenchers. A second factor is the relatively low oscillator strength of γ -Fe 2 O 3 's optical transition, for which we measured an effective absorption coefficient of 47 M −1 cm flat absorption spectrum in the visible region, we can calculate a Forster critical radius R 0 for energy transfer from LR to the γ -Fe 2 O 3 to be of the order of 1 nm, much less than typical dye quenchers. The combination of their low absorption coefficient and nonuniform distribution in the host polymer make the γ -Fe 2 O 3 nanoparticles ineffective fluorescence quenchers for LR, and thus permits strong luminescence in these composite structures. The reason that the PFO fluorescence is quenched more effectively probably lies in the different photophysical properties of the two organic chromophores. The blue emission from the PFO overlaps a more intense region of absorption from the γ -Fe 2 O 3 , leading to a larger Forster critical radius for energy transfer between the PFO and the inorganic nanoparticle. The better spectral overlap, along with possibly a higher exciton diffusion constant, is probably sufficient to explain the shortened fluorescence lifetime in the PFO. But it is important to note that this quenching still only decreases the total fluorescence output by ∼30% and the nanorods are still very bright, as demonstrated by the fluorescence microscopy images in figure 7 . The γ -Fe 2 O 3 nanoparticles impart magnetic properties that make it possible to manipulate the nanorods using an external magnetic field. If a magnet is placed next to a vial containing the nanorods, they will condense onto the side of the vial next to the magnet over the course of several hours, turning the turbid solution clear (figure S2, supplementary information available at stacks.iop.org/Nano/22/455704/mmedia). The gradient force that leads to translational motion towards the magnet is relatively weak and acts on a timescale of minutes to hours. A more rapid orientational response is due to a torque that acts to align the nanorods parallel to the magnetic field. In figure 7(a) , a sequence of fluorescence images follows a PS/LR nanorod as it is rotated horizontally in the x-y plane. In figure 7(b) , the same nanorod is shown as it executes a vertical rotation. Movies of these rotations can be seen in the supplementary information (available at stacks.iop.org/Nano/ 22/455704/mmedia). In both cases, the rotation is induced by rotating an external magnet positioned above the glass slide and the rod oriented its long axis parallel to the magnetic field. Figures 7(c) and 7(d) show the horizontal and vertical rotations of a blue-emitting PFO nanorod, confirming that the magnetic response is present in this structure as well. All the nanorods in a given sample responded to the magnetic field, but some of the rods responded more slowly than average. This variability may be the result of nonuniform γ -Fe 2 O 3 nanoparticle loading, or due to partial adhesion of the rods to the nearby glass surface. A second observation is that a fraction (∼10%) of the nanorods were aggregated into random bundles despite the use of a surfactant. This aggregation is also seen in undoped PS nanorods and is not due to the presence of the magnetic nanoparticles. These nanorod aggregates could also be manipulated using the external magnet. Finally, when the magnetic field is removed, individual nanorods cease movement and show no signs of aggregation over longer timescales.
For an isolated superparamagnetic γ -Fe 2 O 3 nanoparticle, application of a magnetic field should induce a magnetic moment parallel to the magnetic flux lines. For a single particle, one expects an attractive translational force that draws the induced magnetic moments along the magnetic field gradient. One possible mechanism for the rotation would involve a reorientation to minimize viscous drag as the nanorod is drawn towards regions of higher magnetic field. But this type of reorientation requires a center-of-mass motion that is not observed in figure 7 . The fact that the nanorods rotate without translation implies that the rotation is due to a torque exerted by the field on a net magnetic moment. In order for there to be a torque, the nanorod must have a magnetic moment, either induced or permanent, that is orientationally locked to the nanorod and not aligned with the applied field. Earlier work on rotating PS beads containing magnetite particles showed that these beads did have a small remanent magnetic moment (approximately 1% of the saturation magnetization) that enabled the low frequency rotation by an applied magnetic field [22] . In figure 5 , a small remanent magnetization, which is also ∼1% of the saturation magnetization, is observed in the direction of the applied field when the magnetic nanoparticles are suspended in the PS. This small remanent magnetization could provide the basis for the magnetic moment that interacts with the applied magnetic field. But there is still the question of why this moment is aligned with the rod's long axis, as shown by the fact that the rod axis aligns parallel to the field. It is possible that this directionality is a consequence of the particle aggregation seen in figure 4 . Similar alignment phenomena have been seen in experiments on polymer spheres loaded with clustered Fe 3 O 4 nanoparticles [23] , and γ -Fe 2 O 3 nanoparticles on the surface of a nanorod have been shown to induce rod alignment along the field [24] . How interacting magnetic nanoparticles couple together to generate a net magnetic moment is still an open question.
For now, we assume that the remanent magnetization due to residual ferrimagnetic character is responsible for the magnetic moment aligned along the rod axis. We can calculate a lower bound for the response time of a 'dilute' γ -Fe 2 O 3 nanorod in our experiment. We calculate the magnetic field of our small cylindrical Nd:Fe:B rare earth magnet to be B ∼ 103 G at the sample, 1 cm from the face of the magnet. The saturation magnetization of 20 nm diameter γ -Fe 2 O 3 particles has been measured as M S ≈ 50 Am 2 kg −1 [25] . If a 10 μm long rod consists of 14% nanoparticles by weight and possesses a 1% remanent magnetic moment m, we can calculate m = 0.01 × M s × mass = 1.1 × 10 −12 Am 2 . Then, following the treatment of rotating nanorods in an optical trap [26] , we can write an equation of motion for the angle θ between the long axis of the nanorod and the applied field based on the well-known expression for torque τ :
where I is the rod moment of inertia and γ is the viscous drag coefficient. If we neglect inertial effects due to the low Reynolds number environment [26] , we can set the left side of equation (1) to zero and solve for θ(t) in the small-angle limit where sin(θ ) ∼ θ :
The characteristic timescale for reorientation is then τ orient = γ mB . m and B are already known, while γ can be estimated using the expression for rotation of an infinitely long cylinder in a viscous liquid [27] :
where the viscosity η = 1.0 cp for water, L is the rod length of 10 μm and R is the rod radius of 0.1 μm. From equations (2) and (3) we obtain τ orient = 3 × 10 −2 s. Experimentally we observed a coincident response between the rotation of the magnetic field and the reorientation of the nanorod, which places an upper bound on the experimental τ orient of less than 1 s. Thus the fast observed response time is consistent with the rapid response time predicted theoretically. Note that τ orient depends on L, the length of the rod, through equation (3) . Thus the distribution of lengths apparent in figure 2 will lead to different angular speeds for different rods. Potential applications of these rods would need to take this distribution of angular velocities into account.
Conclusion
In conclusion, we have demonstrated the preparation of high-brightness fluorescent nanorods whose orientation can be controlled by the application of an external magnetic field. Our approach relies on doping polymer nanorods with superparamagnetic γ -Fe 2 O 3 nanoparticles. High luminescence output from these structures can be achieved by using either a luminescent host polymer (PFO) or by using a fluorescent dye (LR) doped into an inert host polymer (PS). It should be straightforward to vary the luminescence wavelength by changing the host conjugated polymer or the dye dopant. The encouraging aspect of this work is that high concentrations of low-bandgap iron oxide particles only quench the luminescence by 30% or less. We have shown that the average length of the nanorods can be controlled by processing conditions. Lastly, we have developed a simple model that explains the magnetic response of these rods in terms of a remanent magnetic moment, similar to what has been observed in Fe 3 O 4 /PS magnetic microspheres. These bifunctional nanostructures may prove useful for probing local viscosity, for example inside living biological cells, and for manipulating microscale objects.
